Introduction
The 0 ++ glueball in pure gauge theory is a well defined quantity that can be used to test our understanding and ability to solve theory. It is also interesting to understand how, or if, the 0 ++ glueball contributes to the physical light flavour singlet 0 ++ mesons. Finding glueball degrees of freedom in the flavour singlet mesons is complicated, because other non-perturbative objects such as tetraquark, meson molecule or, even quarkantiquark degrees of freedom can also be building blocks of scalar mesons. There are reviews that discuss these broader issues in more detail [1] [2] [3] .
Background to lattice QCD
Lattice QCD is based on a Monte Carlo process where a statistical sample of vacuum gauge fields is produced. On each sample of the QCD vacuum, an interpolating operator creates a hadron and after a specific time interval the hadron is destroyed. The choice of interpolating operator is particularly important for hadrons where it is not clear how the hadron is built out of quarks and gluons.
For example, to create a light flavour singlet 0 ++ hadron, possible interpolating operators are
where U plaq is a spatial plaquette of gauge fields with 0 ++ symmetry, and q is a light quark operator.
The majority of recent lattice QCD calculations that include the dynamics of sea quarks have pion masses as low as 300 MeV [2] , with a range of volumes and lattice spacings. These parameters have allowed lattice QCD to make contact with chiral perturbation theory for light pseudoscalar mesons [4] . For some quantities, there are now precision results from lattice QCD. For example the HPQCD collaboration obtained m c (m c ) = 1.268(9) GeV for the mass of the charm quark [5] . The LHPC collaboration [6] computed the nucleon axial charge to be g A = 1.212(84) from unquenched lattice QCD. The low lying glueball spectrum in pure SU (3) gauge theory was accurately computed nearly ten years ago [7, 8] Unfortunately, lattice QCD calculations of scalar mesons are not as accurate as those of other quantities. The lattice QCD correlators for scalar mesons are more noisy than for ρ and π mesons, so much higher statistics are required. The light scalar mesons decay via S-wave decays, and current lattice QCD calculations are in the quark mass regime where some decay channels to two mesons are open. The results I will present for flavour singlet 0 ++ mesons largely use the last generation of lattice QCD calculations that are quenched, or dynamical QCD calculations with pion masses above 500 MeV [9, 10] .
Method m 2++ /m 0++ lattice SU (3) [7] 1.39(4) lattice SU (N ) [12] 1 1.37 Frasca, strong coupling [16] 1.33 Table 1 Glueball ratios from different calculations 1.2. Glueballs as a theoretical testing ground The masses of glueballs from quenched QCD are a good test of calculational techniques, such as methods based on a gauge/gravity duality (see [11] for a review). Many of these new methods produce results in the large N (number of colors) limit. Teper and collaborators [12] have studied glueballs for different SU (N ) groups on the lattice. In general they find the 1 N 2 corrections to the glueball masses in the large N limit to be small. For example [12] the mass of the m 0 ++ glueball in units of string tension σ was found to be
Some of the methods based on gauge/gravity duality produce results in the strong coupling limit, so it is (perhaps) interesting to compare them with older lattice results computed using a strong coupling expansion in ++ mesons between 1300 and 1800 MeV, so if the mixing between the glueball andoperators is weak, then the 0 ++ glueball is hidden inside the f 0 (1370), f 0 (1500) and f 0 (1710) mesons. Klempt and Zaitsev have recently argued that the experimental data don't support that the f 0 (1370) is a separate resonance [18] .
Weingarten and Lee [19] used quenched lattice QCD to estimate the mixing matrix between the glue andstates. Weingarten and Lee [19] predicted that the f 0 (1710) meson was 74(10)% 0 ++ glueball, and hence the mixing between the 0 ++ glueball andstates is weak.
There are claims [20] that continuum phenomenology is more consistent with a sizable contributions from the 0 ++ glueball to the f 0 (600) and f 0 (980) mesons, so it is important to study the effect of sea quarks on the masses of the state created by glueball interpolating operators.
The SESAM collaboration studied the glueball spectrum on unquenched lattices [21] Unfortunately, the existing unquenched lattice QCD calculations of the flavour singlet 0 ++ mesons don't have the range of lattice spacings where a continuum extrapolation can be attempted. In quenched QCD it was found that the lattice spacing dependence of the mass of the 0 ++ glueball was strong. The use of a Symanzik improved gauge action by Chen et al. [8] and, Morningstar and Peardon [7] , produced a smaller dependence on the lattice spacing of the scalar 0 ++ glueball mass, than for calculations that used the Wilson plaquette action. This is relevant to unquenched calculations, because any suppression of the mass of the flavour singlet 0 ++ mass may be due to lattice spacing effects.
The SCALAR collaboration [26] , used unquenched lattice QCD, with Wilson fermions and the Wilson gauge action, to study the 0 ++ mesons. At a single lattice spacing a ∼ 0.2 fm, withinterpolating operators only, they obtain m∼ m ρ . The lattice spacing dependence of this result needs to quantified.
In unquenched QCD, both glue andstates will couple to singlet 0 ++ mesons, so it is better to do a variational fit with both types of operators as basis interpolating operators. The variational technique analysis of the singlet 0 ++ mesons was done by Hart et al. [27] . A combined fit to 0 ++ glue andinterpolating operators with two types of spatial smearing sources was done. The calculation used the non-perturbative improved clover action at a single lattice spacing [9] . Configurations from CP-PACS [10] with the Iwasaki gauge action and tadpole improved clover action were also used in the analysis, because this calculation should be less affected by lattice artifacts. A summary plot of the results, in units of r 0 (1/r 0 ∼ 400 MeV) is in figure 1  (updated from [27] ). The data with the bursts and squares (with the pion masses written near them) in figure 1 shows an additional reduction of the mass of the 0 ++ state over the pure glueball operators, as used by Hart and Teper [23] .
Mathur at al.
[28] recently claimed to get a re- sult for the mass of the f 0 (600) (σ) from quenched lattice QCD with pion masses as low as 180 MeV. Using the interpolating operator in equation 2, they obtain m f0(600) ∼ 550 MeV. Mathur et al.'s [29] calculation is discussed in slightly more detail in [2] . The effect of sea quarks on this calculation needs to be quantified.
In [27] an attempt was made to compute the decay width for f 0 decay to two pions. Unfortunately much higher statistics will be required to obtain an accurate value for that width. 
Conclusions
There is "some" evidence that the flavour singlet 0 ++and glueball interpolating operators, in unquenched lattice QCD calculations, are coupling to states around or below 1 GeV [27]. Although a continuum extrapolation is required for definite results. Unquenched lattice QCD calculations with 0 ++ tetraquark interpolating operators are required to clarify the composition of the lightest 0 ++ resonance.
